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The herpes simplex virus 1 (HSV-1) infected cell protein 22 (ICP22) is a multifunctional viral regulator that localizes in the
nucleus of infected cells. ICP22 is required for optimal virus replication in certain cell types and is subject to extensive
posttranslational modification. To map the signals in ICP22 which mediate its efficient nuclear localization, we investigated
the nuclear import of fusion proteins comprising various fragments of ICP22 fused to green fluorescent protein (GFP) or
-galactosidase (-Gal). These data demonstrated that ICP22 contains two independent regions with nuclear localization
signal (NLS) activity. NLS1 maps to ICP22 amino acid position 16–31 and closely resembles the classical bipartite NLS of the
type originally identified in nucleoplasmin. In contrast, NLS2 maps to ICP22 amino acid position 118–131 and contains
multiple critical basic residues. Furthermore, fusion of both NLSs to chimeric glutathione-S-transferase (GST)–GFP protein
and subsequent cytoplasmic microinjection of the respective transport substrates allowed us to monitor nuclear import in
real-time. These data demonstrated that both ICP22-derived NLSs mediated efficient nuclear import with identical kinetics,
resulting in complete nuclear accumulation of the chimeric transport cargoes at approximately 30 min postinjection. Finally,
our data provide new insights into the domain structure of the multifunctional -gene product ICP22 of HSV-1. © 2002 ElsevierINTRODUCTION
The linear 152-kb double-stranded DNA genome of
herpes simplex virus 1 (HSV-1) contains more than 80
genes, which are transcribed in a temporally regulated
manner. The first genes to be expressed are the - or
immediate-early (IE) genes, which encode largely regu-
latory proteins that govern the subsequent expression of
the - or delayed-early (DE) genes. Both, - and -gene
products are then required for expression of the - or late
(L) genes that mainly encode structural proteins. Thus,
HSV-1 gene expression is regulated in a distinct, highly
coordinated and sequential fashion (Honess and Roiz-
man, 1974, 1975).
Transcription of the -set of genes by host cell RNA
polymerase II is stimulated by the virion tegument pro-
tein VP16 (Campbell et al., 1984) and does not require
prior viral protein synthesis. It results in the synthesis of
five infected cell proteins (ICPs). Two of these, ICP4 and
ICP27, are essential for HSV-1 replication (DeLuca et al.,
1985; Preston, 1979; Watson and Clements, 1980; Mc-
Carthy et al., 1989; Sacks et al., 1985; Rice et al., 1993). In
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All rights reserved.contrast, the ICP0, ICP22, and ICP47 proteins appear to
be dispensable in continuously growing cell cultures and
are therefore considered to be nonessential (Sacks and
Schaffer, 1987; Stow and Stow, 1986; Post and Roizman,
1981; Longnecker and Roizman, 1986; Mavromara-Nazos
et al., 1986). However it has also been reported that
IPC22 is required for optimal virus replication in primary
human cells and in cell lines of rodent origin, indicating
that the ICP22 regulatory protein has some cell-type-
dependent activity (Sears et al., 1985; Purves et al., 1993;
Poffenberger et al., 1993).
Various effects of the ICP22 protein have been de-
scribed. ICP22 affects the expression of the viral - or
immediate-early trans-activator gene product ICP0, as
well as the expression of a subset of late -genes, either
by stabilizing the respective viral RNAs or by increasing
their transcription rate (Purves et al., 1993; Ng et al.,
1997). Moreover, ICP22 was shown to influence the al-
ternative splicing pattern of 0 mRNA (Carter and Roiz-
man, 1996) and evidence has been provided that ICP22
may act as a repressor of IE gene expression early in
infection (Prod’hon et al., 1996). The potential role of
ICP22 as a transcription factor is supported by the find-
ing that, during late gene expression, this protein asso-Science (USA)
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other factors (Leopardi et al., 1997). In particular, ICP22
has been reported to alter the phosphorylation of the
carboxyl-terminal domain (CTD) of the large subunit of
RNA polymerase II in HSV-1-infected cells (Rice et al.,
1994, 1995; Long et al., 1999). Finally, ICP22 has been
reported to interact with p78, a cell cycle regulated cel-
lular factor and, independently, with p60, which is a
cellular protein with as yet unknown activity (Bruni and
Roizman, 1998; Bruni et al., 1999).
Although only little is known about the exact molecular
mechanism by which the ICP22 protein exerts its func-
tion, the activity of ICP22 appears to be modulated by a
variety of posttranslational modifications. These modifi-
cations include phosphorylation by the viral protein ki-
nases UL13 and US3 (Purves et al., 1993; Purves and
Roizman, 1992; Prod’hon et al., 1996) and nucleotidylyla-
tion by host cell casein kinase II (Blaho et al., 1993;
Mitchell et al., 1997). The 420 amino acid (aa) 68-kDa
ICP22 protein accumulates in the cell nucleus and has
been shown to localize in small dense nuclear bodies
early in infection (Jahedi et al., 1999). Following onset of
DNA synthesis, ICP22 localizes to the more diffuse tran-
scription centers associated with -gene expression
(Leopardi et al., 1997). Later in infection, ICP22 relocal-
izes, together with the late UL3 and UL4 proteins, to small
dense nuclear bodies (Markovitz and Roizman, 2000).
Thus, ICP22 appears to exert multiple activities in a
temporally regulated fashion at distinct nuclear sites
during HSV-1 infection.
A large body of studies from different laboratories
have shown that most proteins are imported into the
nucleus in an energy and signal-dependent manner (re-
viewed in Go¨rlich and Kutay, 1999; Nakielny and Drey-
fuss, 1999; Adam, 1999). In brief, general protein import is
determined by the presence of short stretches of primar-
ily basic amino acids, termed nuclear localization signals
(NLSs) (Dingwall and Laskey, 1991; Boulikas, 1993). The
NLS of the import cargo is recognized by a cytosolic
heterodimeric protein complex. The importin- subunit of
this complex, originally referred to as “NLS receptor,”
directly binds the NLS, while the importin- subunit in-
teracts with the cytoplasmic surface of the nuclear pore
complex (NPC). It has also been shown that in some
cases the importin- is not required and that importin-
directly interacts with the NLS. The import complex then
moves to the central channel and is translocated through
the NPC into the nucleus. This reaction presumably also
requires repeated docking reactions with nucleoporins,
which are components of the NPC (Stoffler et al., 1999;
Bayliss et al., 2000). In addition, efficient import requires
the action of several critical factors, of which the GTPase
Ran/TC4 and associated components play a major func-
tional role in providing energy and determining the di-
rection of nucleocytoplasmic transport (Koepp and Silver,
1996; Moore, 1998).
In this study we investigate the sequence require-
ments for efficient nuclear accumulation of the HSV-1
-gene product ICP22. We are able to show that the
ICP22 protein accumulates by itself in small, dense nu-
clear bodies and contains two independent sequences
that are able to mediate efficient nuclear import of het-
erologous proteins. Finally, nuclear import studies in
real-time provide evidence that both NLSs function with
comparable efficiencies.
RESULTS
The ICP22 protein of HSV 1 accumulates in the nu-
cleus of infected cells (Jahedi et al., 1999). To gain insight
into those sequences in the 68-kDa ICP22 that mediate
nuclear import, we first performed subcellular localiza-
tion studies on wild-type and mutant proteins in living
cells. For this, we constructed a series of vectors that
expressed various ICP22-derived sequences fused in-
frame to a gene encoding green fluorescent protein
(GFP). These constructs were transfected transiently into
HeLa cells and analyzed for GFP expression 24 h post-
transfection. As published previously (Stauber et al.,
1995), GFP alone localized in both the cell nucleus and
the cytoplasm (Fig. 1K). In sharp contrast, however, ex-
pression of ICP22–GFP fusion protein resulted in exclu-
sively nuclear accumulation, highlighted by a significant
concentration in nucleoplasmic speckles (Fig. 1A). This
punctuated nuclear staining is characteristic of ICP22
and represents accumulation of ICP22 at small dense
nuclear bodies (Jahedi et al., 1999; Markovitz and Roiz-
man, 2000). Inspection of ICP22–GFP variants revealed
that regions encompassing the amino acids (aa) at po-
sition 14–35 of the 420 aa ICP22 wild-type protein medi-
ated efficient nuclear localization of the respective GFP
fusion proteins (Figs. 1B, 1E, and 1F). This was not
observed when carboxyl-terminal ICP22 regions were
fused to GFP (aa 161–420; Figs. 1D and 1H). Inspection of
three partially overlapping constructs indicated that an
additional region exists in ICP22 that is able to mediate
strong nuclear accumulation of the GFP reporter (Figs.
1C, 1G, and 1J). This region resides in the more central
part of the protein and localizes somewhere between the
amino acid residues at position 96 and 160. It should
also be noted that the typical nucleoplasmic speckle
pattern of wild-type ICP22 (Fig. 1A) was also observed
with some of our constructs (Figs. 1C and 1J). In sum-
mary, however, our experiments did not allow us to
pinpoint the region(s) in ICP22 that is required to direct
this viral factor to these specific intranuclear structures.
Therefore, the ultimate subnuclear localization of wild-
type ICP22 depends on more than efficient nuclear im-
port signals.
Since GFP by itself is equally distributed between the
nucleus and the cytoplasmic compartment (Stauber et
al., 1995), we next wanted to test the capacity of ICP22-
derived sequences to act as signals for active nuclear
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FIG. 1. Localization of ICP22–GFP hybrids in living cells. HeLa cells were transiently transfected with constructs expressing the fusion proteins
indicated and analyzed 24 h posttransfection by fluorescence microscopy without fixation. As reported for wild-type ICP22 (Jahedi et al., 1999;
Markovitz and Roizman, 2000), expression of full-length ICP22–GFP resulted in nuclear localization which exhibited the typical speckle pattern that
reflects accumulation of the fusion protein in dense nuclear bodies (A). Expression of various ICP22 deletion mutant–GFP hybrids (B–J) revealed the
presence of two regions, containing ICP22 amino acids (aa) 14–35 (F) and aa 96–160 (G) that independently mediate nuclear localization. A control
experiment demonstrated cytoplasmic and nuclear localization of GFP alone (K).
import in a more rigorous way, by targeting an exclu-
sively cytoplasmic protein to the cell nucleus. For this we
constructed a series of plasmids expressing -galacto-
sidase (Gal)–ICP22 fusion proteins. Subcellular local-
ization of these fusion proteins was analyzed in tran-
siently transfected HeLa cells 48 h posttransfection by
indirect immunofluorescence analysis using antibodies
directed against Gal. As reported previously (Rosorius
et al., 2000), Gal by itself localized in the cytoplasm
(Figs. 2A and 3A) but was directed into the nucleus by
the region of ICP22 encompassing aa 14–35. This is in
agreement with the data raised by using fusions to GFP
(Fig. 1F) and indicates that this region indeed contains a
signal sequence for nuclear import. In fact, inspection of
the amino acid composition of this region revealed the
presence of a sequence that strongly resembles the
bipartite NLS present in nucleoplasmin (ICP22 aa 16–31;
see Fig. 6). This type of NLS is characterized by two
basic amino acids that are followed by a 10 amino acid
spacer sequence and four essential basic residues
(Dingwall and Laskey, 1991; Boulikas, 1993). In agree-
ment with this, the replacement of the second basic
amino acid cluster in the Gal–ICP22aa14–35 fusion
protein by heterologous residues (substitution of Arg28-
Lys29-Arg30-Lys31 by Ser28-Ala29-Ser30-Asn31) completely
abrogated its nuclear accumulation (Fig. 2C). Thus, the
HSV1 ICP22 regulator contains a classical NLS of the
bipartite type which is located at aa position 16–31. For
convenience we refer to this nuclear import sequence as
NLS1 (see Fig. 6).
The data using ICP22–GFP fusion proteins presented
above indicated the existence of an additional ICP22
nuclear import signal located somewhere between aa
position 96 and 160. Inspection of this region, however,
revealed no obvious cluster or continuous stretch of
basic residues that could be a candidate import signal.
Therefore, we again performed functional studies by
transiently expressing various Gal–ICP22 fusions to
identify more exactly this potential signal sequence. The
data obtained by this set of experiments demonstrated
that there may be an NLS in the central region of the
ICP22 protein, in particular stretching from aa position
111 to 131 (Table 1 and Fig. 3B). This region of 21
residues was then analyzed further. As shown, neither
the amino-terminal nor the carboxyl-terminal half of this
sequence (aa 111–119 or aa 120–131, respectively) were
able to target the cytoplasmic Gal reporter protein into
the nucleus (Figs. 3C and 3D). However, successive
removal of ICP22-derived amino-terminal residues in the
Gal–ICP22aa111–131 fusion protein resulted in identifi-
cation of a minimal nuclear targeting domain that corre-
sponded to ICP22 aa position 118–131 (Figs. 3E and 2F).
This sequence was termed NLS2 and contains multiple
proline as well as basic amino acid residues (see Fig. 6).
To identify residues that are critical for NLS2 function,
we next mutagenized this sequence to generate amino
acid missense substitutions (summarized in Table 2). As
shown, the simultaneous conversion of the proline resi-
dues at aa position 120 and 121 into alanines did not
negatively affect nuclear import function (M1; Fig. 4A).
Likewise, the independent arginine-to-alanine substitu-
tion at aa position 122 or 131 did not prevent nuclear
accumulation of the respective Gal–ICP22 fusion pro-
teins (M4 and M8, respectively; Figs. 4D and 4H). In
contrast, combined or independent mutation of the two
central basic residues Lys124 and Arg125, or mutation of
Arg127 (M2, M3, and M5 to M7; see Table 2) clearly
abrogated NLS2 function as indicated by pronounced
Gal-specific staining of the cytoplasmic compartment
(Figs. 4B, 4C, 4E, 4F, and 4G). These data demonstrated
that the amino acid residues Lys124, Arg125, and Arg127 are
important with respect to NLS function.
Previously we established an experimental system
that permits the direct measurement of nuclear import
kinetics in living cells, thereby allowing the qualitative
evaluation of different nuclear import pathways (Rosorius
et al., 1999a). For this purpose, candidate NLSs are
linked to a chimeric protein that is composed of gluta-
FIG. 2. Steady-state localization of chimeric Gal–ICP22 fusion proteins. HeLa cell cultures were transiently transfected with constructs expressing
Gal alone (A) or the fusion proteins indicated (B and C). At 40 h posttransfection, cells were fixed with paraformaldehyde, and the subcellular
localization of the proteins indicated was determined by indirect immunofluorescence analysis using a Gal-specific antibody. While Gal localized
to the cytoplasm (A), fusion of ICP22 aa 14–35 to Gal directed the resulting fusion protein into the cell nucleus (B). Mutation of distinct basic residues
in this region (ICP aa 28–31: RKRK to SASN) clearly abrogated nuclear import (C).
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thione-S-transferase (GST) fused to GFP. Following mi-
croinjection into the cytoplasm of somatic cells, nuclear
import of this type of recombinant import cargo is ob-
served in real-time by fluorescence microscopy. Figure 5
shows a site-by-site analysis of both import signals
(NLS1 and NLS2) that were identified above in the ICP22
protein of HSV-1. Clearly both fusion proteins, GST–
NLS1–GFP (Figs. 5A, 5C, 5E, and 5G) and GST–NLS2–
GFP (Figs. 5B, 5D, 5F, and 5H) migrated from the cyto-
plasm to the nucleus with comparable kinetics. Com-
plete nuclear accumulation of the GST–GFP reporter was
observed in both cases at approximately 30 min after
cytoplasmic injection of the respective import cargoes
(Figs. 5G and 5H). An additional control experiment dem-
onstrated that NLS-deficient GST–GFP remained, as pre-
viously reported (Rosorius et al., 1999a), at the cytoplas-
mic site of injection (not shown).
DISCUSSION
HSV-1 gene expression is a highly regulated process
that occurs sequentially in a cascade fashion (Honess
and Roizman, 1974, 1975). The - or IE genes encode
products that regulate the subsequent expression of the
FIG. 3. Functional mapping of a nuclear import sequence in the central region of ICP22. HeLa cells were transiently transfected with the constructs
indicated and analyzed 40 h posttransfection by indirect immunofluorescence analysis using an antibody specific for Gal. Inspection of the combined
data (see also Table 1) revealed the existence of an additional nuclear import signal located between ICP22 aa residues 118–131 (F).
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- and ultimately the -genes in the course of viral
replication. These -gene products comprise five in-
fected cell proteins, of which the ICP22 gene product
was the focus of investigation in the present study.
Although the precise mechanisms remain to be eluci-
dated, ICP22 has been reported to perform multiple ac-
tivating and inhibitory functions during viral gene expres-
sion at both the transcriptional and the posttranscrip-
tional level (Ogle and Roizman, 1999; Purves et al., 1993;
Ng et al., 1997; Prod’hon et al., 1996; Leopardi et al., 1997;
Rice et al., 1994, 1995; Long et al., 1999). During the
HSV-1 infection cycle, ICP22 undergoes extensive post-
translational phosphorylation by the viral protein kinases
UL13 and US3 (Purves et al., 1993; Purves and Roizman,
1992; Prod’hon et al., 1996) and nucleotidylylation by
casein kinase II (Blaho et al., 1993; Mitchell et al., 1997).
Thus, ICP22 is a highly modified multifunctional viral
regulatory protein which resides in the nucleus of in-
fected cells (Leopardi et al., 1997). Inside the nucleus,
ICP22 migrates during the course of infection, in a tem-
porally regulated fashion between small, dense nuclear
bodies and distinct, defined structures that contain tran-
scriptional complexes (Jahedi et al., 1999; Markovitz and
Roizman, 2000; Leopardi et al., 1997). This intranuclear
movement appears to coincide with the onset of DNA
replication and depends on the presence of functional
viral protein kinases (Jahedi et al., 1999; Leopardi et al.,
1997). Thus, it seems that ICP22 may exert different
effects in the nucleus before and after the initiation of
viral DNA synthesis.
The transport of macromolecules across the nuclear
envelope is mediated by nuclear pore complexes, which
are supramolecular assemblies that are integral parts of
the nuclear envelope (Stoffler et al., 1999; Bayliss et al.,
2000; Vasu and Forbes, 2001). Proteins with a molecular
mass of up to 40 kDa are considered to be able to diffuse
freely through the NPC. In contrast, proteins with a mo-
lecular mass of more than 40 kDa are actively translo-
cated through the pore channel (Go¨rlich and Kutay, 1999;
Nakielny and Dreyfuss, 1999; Adam, 1999). It is therefore
likely that ICP22, a protein of 68 kDa, contains defined
sequences which assure efficient nuclear localization of
this multifunctional viral regulatory protein during the
viral replication cycle.
In an attempt to elucidate the signals that mediate
nuclear accumulation of ICP22 in more detail, we initially
fused either the wild-type protein or the ICP22 deletion
mutants to the heterologous GFP and Gal reporter
proteins and determined the subcellular localization of
the respective fusions in living and fixed cells. Interest-
ingly, the 95-kDa full-length ICP22–GFP fusion protein
accumulated efficiently in the nucleus and was recruited
to small dense nuclear bodies (Fig. 1A) as previously
reported for wild-type ICP22 in HSV-1-infected cells (Ja-
hedi et al., 1999). In agreement with unpublished obser-
vations reported in a previous study (Markovitz and Roiz-
man, 2000), our data experimentally confirmed that
ICP22 forms these typical punctuated structures in the
absence of any other viral products, such as the late
proteins. Inspection of the data obtained revealed the
presence of a classical bipartite NLS, termed NLS1, that
maps to ICP22 aa 16–31 (Fig. 6). This bipartite motif
consists of two clusters of basic residues that are sep-
arated by 10 amino acids; in its overall structure, the
motif closely mirrors the nuclear targeting sequence of
nucleoplasmin (Dingwall and Laskey, 1991; Boulikas,
1993). In agreement with this, mutation of the second
basic cluster located at ICP22 aa 28–31 prevented nu-
clear localization of the Gal-reporter protein (Fig. 2C).
Further analyses also indicated the presence of an
additional sequence motif at ICP22 aa position 118–131
that is able to direct the otherwise cytoplasmic 116-kDa
TABLE 2
Summary of NLS2 Mutants of HSV-1 ICP22
Code Mutation
Amino acid sequence
(ICP22 aa 118–131)
— Wild-type D I P P R P K R A R V N L R
M1 P120A; P121A D I A A R P K R A R V N L R
M2 K124E; R125E D I P P R P E E A R V N L R
M3 K124A; R125A D I P P R P A A A R V N L R
M4 R122A D I P P A P K R A R V N L R
M5 K124A D I P P R P A R A R V N L R
M6 R125A D I P P R P K A A R V N L R
M7 R127A D I P P R P K R A A V N L R
M8 R131A D I P P R P K R A R V N L A
Note. Missense substitutions were introduced at the locations indi-
cated (underlined) in the ICP22-derived region (ICP22 aa 118–131) of
the respective Gal-ICP22 fusion construct. Basic residues in this
ICP22 region are indicated in bold letters.
TABLE 1
Localization Phenotypes of Selected Gal-ICP22 Fusion Proteins
Construct Subcellular localization
Gal Cytoplasmic
Gal–ICP22aa97–160 Nuclear
Gal–ICP22aa97–130 Nuclear
Gal–ICP22aa131–160 Cytoplasmic
Gal–ICP22aa97–118 Cytoplasmic
Gal–ICP22aa119–131 Cytoplasmic
Gal–ICP22aa111–131 Nuclear
Gal–ICP22aa111–119 Cytoplasmic
Gal–ICP22aa120–131 Cytoplasmic
Gal–ICP22aa115–131 Nuclear
Gal–ICP22aa118–131 Nuclear
Note. HSV-1 ICP22 sequences were fused in frame to the carboxy-
terminus of the Gal reporter. Transient expression of the respective
Gal–ICP22 fusion proteins in HeLa cells and subsequent Gal-spe-
cific indirect immunofluorescence analysis allowed the mapping of
regions in ICP22 that mediate nuclear import. aa, amino acids.
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FIG. 4. Mutational analysis of the NLS2 in ICP22. Substitution of distinct amino acids in the NLS2 (aa 118–131) of ICP22 by heterologous residues
(for details see Table 2) revealed that the basic residues K124, R125, and R127 are functionally important to direct the heterologous Gal reporter into
the nucleus (E, F, and G). In contrast, the mutation of the basic residues R122 or R131 did not negatively affect nuclear accumulation of the respective
Gal–ICP22 hybrid proteins (D and H).
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Gal protein into the nucleus (Fig. 3F). Inspection of the
amino acid composition of this signal revealed the pres-
ence of three proline residues (Pro120, Pro121, and Pro123;
Fig. 6). Since a NLS containing multiple essential proline
residues have been recently identified in the Borna virus
phosphoprotein (Shoya et al., 1998), we initially sus-
pected that the prolines in NLS2 of HSV-1 ICP22 may
also be indispensable for nuclear targeting activity. How-
ever this initial hypothesis could not be confirmed, be-
cause the simultaneous conversion of the proline resi-
dues at aa position 120 and 121 into alanines did not
negatively affect nuclear import (Fig. 4A). Moreover, ad-
ditional double and single amino acid substitutions dem-
onstrated that three basic residues located in the central
FIG. 5. Real-time kinetics of nuclear import of GST–NLS–GFP hybrids in living cells. Purified GST–NLS1–GFP (A, C, E, and G) or GST–NLS2–GFP
(B, D, F, and H) was microinjected into the cytoplasm of Vero cells, and nuclear import was monitored directly by fluorescence microscopy
postinjection at the time points indicated. Nuclear import for both NLSs occurs rapidly and is completed after 30 min at 37°C.
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region of NLS2 at aa position 124, 125, and 127 (Lys, Arg,
and Arg, respectively) were functionally important for
nuclear import activity. These data suggested that the
NLS2 in ICP22 might instead be a derivation of the
classic SV40 large T antigen NLS, which is characterized
by a monopartite short cluster of basic residues (Ding-
wall and Laskey, 1991; Boulikas, 1993). In fact, compari-
son of the Polyomavirus large T antigen NLS (Richardson
et al., 1986) with the functionally important region of
ICP22 NLS2 (aa 123–129) revealed an intriguing similar-
ity in amino acid distribution (see Fig. 6B), in which the
residues Lys-Lys-Ala-Arg (ICP22 aa position 123–127)
are preceded by a typical helix-breaking proline. This
sequence similarity suggests that nuclear import medi-
ated by the NLS2 of HSV-1 ICP22 also proceeds along
the classical importin pathway.
Both monopartite and bipartite NLS motifs are recog-
nized by importin- (Dingwall and Laskey, 1998) which, in
turn, binds to importin- that subsequently mediates
nuclear import (Go¨rlich and Kutay, 1999; Nakielny and
Dreyfuss, 1999; Adam, 1999). This suggests that both
types of NLS are characterized by similar nuclear import
kinetics. Indeed, microinjection of recombinant import
substrates in which NLS1 and NLS2 of ICP22 were
expressed as GST–GFP fusion protein allowed us to
determine nuclear import in real-time by fluorescence
microscopy. Clearly both NLS1 and NLS2 displayed iden-
tical import kinetics resulting in complete nuclear accu-
mulation of the respective fusion proteins at 30-min post-
cytoplasmic injection (Fig. 5). This indicates that both
signals NLS1 and NLS2 have identical nuclear import
activities. Of note is the fact that a comparable import
kinetic was also observed using the classical SV40 large
T antigen NLS in this type of experiment (data not
shown).
Many different proteins have been reported to contain
multiple signals for nuclear import. For example, Ep-
stein–Barr virus (EBV) DNase possesses two distinct
NLS regions which are rich in basic residues (Liu et al.,
1998). The essential HSV-1 -gene product ICP27 con-
tains a bipartite NLS in the amino-terminal half of the
protein and one or more additional NLSs which map to a
carboxyl-terminal region of ICP27 (Mears et al., 1995).
Although it is not clear why these proteins possess
multiple NLSs, it is conceivable that separate NLSs may
be employed to ensure efficient nuclear localization,
even if binding of the protein to other factors during the
course of the replication cycle masks one of their NLSs.
Alternatively, multiple NLSs may act synergistically or
may function with different efficiencies in different cell
types. In summary our data demonstrate that HSV-1
ICP22 contains two independent NLSs that function with
comparable efficiencies. Knowledge on the location of
these NLSs may now contribute to the further elucidation
of the multiple activities of ICP22 during HSV-1 infection.
MATERIALS AND METHODS
Molecular clones
Wild-type and mutant HSV-1 ICP22 genes were ligated
into various expression vectors by standard methods
using synthetic double-stranded oligonucleotides or
polymerase chain reaction technology. Plasmids ex-
pressing ICP22–GFP fusion proteins were generated by
cloning the respective ICP22 coding regions in the
unique NheI site of the vector pF25 (Stauber et al., 1998).
Accordingly, various ICP22 coding regions were sub-
cloned between the XbaI and the XhoI site of the plasmid
pBC12/CMV/Gal (Ruhl et al., 1993), resulting in vectors
expressing Gal–ICP22 fusion proteins. Bacterial vec-
tors expressing GST–ICP22 NLS–GFP fusion proteins
were generated by insertion of double-stranded syn-
thetic oligonucleotides encoding ICP22-derived se-
quences between the BamHI and the NheI site of pGEX–
GFP (Rosorius et al., 1999a). All plasmid constructs were
verified by DNA sequencing.
Cell cultures and transfections
HeLa cells were maintained and transfected with cal-
cium phosphate as described previously (Stauber et al.,
1998). Localization studies in living cells were performed
by transient transfection of 2.0  105 HeLa cells, grown
in 50-mm glass-bottomed dishes (MatTek Co.) using
phenol red-free Dulbecco’s modified Eagle’s medium,
FIG. 6. HSV-1 ICP22 contains two independent regions with nuclear
localization activity. (A) The 420 amino acid -gene product ICP22 is
shown. Two nuclear localization signals (NLSs) are indicated by black
boxes and map to amino acid (aa) residues 16–31 (NLS1) and aa
residues 118–131 (NLS2). (B) Comparison of the ICP22 NLSs defined in
this work with known NLSs found in other proteins. ICP22 NLS1
resembles the classical bipartite nucleoplasmin NLS. This type of NLS
consists of two clusters of essential basic residues (shown in boldface)
that are separated by a spacer region of 10 residues. ICP22 NLS2
contains multiple basic residues (boldface) with a similar arrangement
to that seen in the NLS of Polyomavirus large T antigen. Functionally
essential residues mutated in the present study are underlined.
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with 2 g of the various ICP22–GFP expression plas-
mids. GFP expression in the transfected cell cultures
was analyzed at 24 h posttransfection. To determine the
subcellular localization of Gal–ICP22 fusion proteins,
1.5  105 HeLa cells were transfected with 5 g of the
respective expression vectors. At 48 h posttransfection,
cells were fixed and subjected to Gal-specific indirect
immunofluorescence analysis.
Vero cells were maintained as described previously
(Rosorius et al., 1999b). For real-time nuclear import
analysis, 2  105 Vero cells were seeded in 50-mm
glass-bottomed dishes (MatTek Co.) and cultured for
24 h prior to microinjection.
Purification of recombinant fusion proteins
Glutathione-S-transferase fusion proteins were ex-
pressed in Escherichia coli BL21 and purified from crude
lysates by affinity chromatography on glutathione-Sepha-
rose 4B (Amersham Pharmacia Biotech) as described
previously (Schatz et al., 1998; Rosorius et al., 1999a).
Fluorescence microscopy and microinjection
Transfected cells expressing GFP fusion proteins
were analyzed using a Zeiss Axiovert-135 microscope as
described (Rosorius et al., 1999a). Detection of Gal
expression was performed on paraformaldehyde-fixed
cell cultures by indirect immunofluorescence using
monoclonal anti-Gal antibody (1:100 dilution; Roche
Molecular Biochemicals) and secondary antibodies cou-
pled to Cy3 fluorophore (1:100 dilution; Biotrends) as
described (Rosorius et al., 1999b).
Nuclear import assays were performed by microinjec-
tion of Vero cells into the cytoplasm with GST–ICP22
NLS–GFP hybrid proteins (1.5 mg/ml) using a CompiC
INJECT computer-assisted injection system (Cellbiology
Trading). GFP fluorescence was observed at different
time points postinjection (0, 10, 20, and 30 min) as de-
scribed previously (Rosorius et al., 1999a).
Images were recorded with a cooled MicroMax CCD
camera (Princeton Instruments) and processed using the
IPLab spectrum and Adobe Photoshop package.
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